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Plant steroidsa b s t r a c t
A number of plasma membrane progestin receptors linked to non-genomic events have been identiﬁed.
These include: (1) a1-subunit of the Na+/K+-ATPase (ATP1A1), (2) progestin binding PAQR proteins, (3)
membrane progestin receptor alpha (mPRa), (4) progesterone receptor MAPR proteins and (5) the asso-
ciation of nuclear receptor (PRB) with the plasma membrane. This study compares: the pore-lining
regions (ion channels), transmembrane (TM) helices, caveolin binding (CB) motifs and leucine-rich
repeats (LRRs) of putative progesterone receptors. ATP1A1 contains 10 TM helices (TM-2, 4, 5, 6 and 8
are pores) and 4 CB motifs; whereas PAQR5, PAQR6, PAQR7, PAQRB8 and ﬁsh mPRa each contain 8 TM
helices (TM-3 is a pore) and 2–4 CB motifs. MAPR proteins contain a single TM helix but lack pore-lining
regions and CB motifs. PRB contains one or more TM helices in the steroid binding region, one of which is
a pore. ATP1A1, PAQR5/7/8, mPRa, and MAPR-1 contain highly conserved leucine-rich repeats (LRR, com-
mon to plant membrane proteins) that are ligand binding sites for ouabain-like steroids associated with
LRR kinases. LRR domains are within or overlap TM helices predicted to be ion channels (pore-lining
regions), with the variable LRR sequence either at the C-terminus (PAQR and MAPR-1) or within an exter-
nal loop (ATP1A1). Since ouabain-like steroids are produced by animal cells, our ﬁndings suggest that
ATP1A1, PAQR5/7/8 and mPRa represent ion channel-linked receptors that respond physiologically to
ouabain-like steroids (not progestin) similar to those known to regulate developmental and defense-
related processes in plants.
 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license.1. Introduction
Increasing evidence suggests that a number of steroid-induced
events are initiated in animal cells independent of transcription
(reviewed in [1–6]). As outlined by Watson and Gametchu [2],
the presence of steroid receptors in the cell membrane contributes
to the regulation of a wide range of complex functions, including
cell proliferation, cell death and cell differentiation. The identiﬁca-
tion of plasma membrane receptors has often been based either on
radiolabeled ligand binding to crude plasma membrane-enriched
preparations or on a putative steroid binding protein obtained by
over-expression in a bacterial system. Mitochondria also contain
membrane-bound steroid receptors similar or identical to the cor-
responding nuclear receptor (reviewed in [7]).This study analyzes several putative progestin binding mem-
brane receptors with respect to: transmembrane helices and
pore-lining membrane regions (ion channels) [8], caveolin binding
motifs [9], and the highly conserved leucine-rich repeats associ-
ated with steroid binding in plants [10,11]. Computational analysis
was used to compare putative steroid receptors in terms of their
structural similarities and possible common ancestors in animal
and plant cells. The putative animal cell progestin-binding proteins
entered in the protein data base (UniprotKB) consist of proteins
containing 195–1023 amino acid residues. These can be divided
into 5 groups: (1) the catalytic (alpha) subunits of Na/K-ATPase
[12], (2) at least three members of an 11 membrane receptor fam-
ily termed ‘‘PAQR’’ proteins (reviewed in [13]), (3) several proteins
termed ‘‘membrane progestin receptors alpha, beta and gamma’’
(reviewed in [14]), (4) the ‘‘membrane-associated progesterone
receptor’’ components 1 and 2 belonging to the MAPR family (re-
viewed in [15]), and (5) the progesterone nuclear receptor (PRB)
which may associate to the plasma membrane via its ligand bind-
ing domain [16].
Na+/K+-ATPase is a ab-tetramer, with 2 binding sites for the
plant steroid, ouabain, on each a-subunit (reviewed in [17]). It
1234 G.A. Morrill et al. / Steroids 78 (2013) 1233–1244should be emphasized that plasma membrane Na+/K+-ATPase not
only regulates intracellular Na+ and K+, levels, but also serves as
a critical cell signaling component [18]. PAQR receptors play a role
in signal transduction for a wide range of ligands, including ste-
roids, lipids, nucleotides, peptides and photons (reviewed in
[19]). PAQR5, PAQR7 and PAQR8 have been deﬁned as membrane
progestin receptor c, a, and b, respectively [19], but PAQR7 is best
characterized [20]. Several so-called MAPR proteins have been
identiﬁed (reviewed in [21]). MAPR proteins contain cytochrome
b5-like heme/steroid-binding domains and include progesterone
component 1 (PGRMC1), progesterone component 2 (PGRMC2),
neudesin and neuferricin.
Classical estrogen, progesterone and androgen receptors are
thought to be tethered to the inside of the plasma membrane
and thus localized outside the nucleus (reviewed in [22]). Many
progesterone effects are mediated by a nuclear receptor that is ex-
pressed as two isoforms, PRA and PRB, which are virtually identical
except that PRA lacks 164 amino acids (in humans) in the N-termi-
nal region (reviewed in [23]). In vitro evidence suggests that the A
and B forms are functionally distinct and distribution patterns may
account for some of the diversity of progesterone effects. Photo-
afﬁnity labeling studies with Rana pipiens oocytes indicate PRB
(but not PRA) is equally distributed between plasma membranes
and cytosol, suggesting that PRB may function in both compart-
ments during progesterone-induced oocyte meiosis [24]. Martinez
et al. [16] found that overexpression or depletion of the nuclear
receptor PRB in Xenopus laevis oocytes can accelerate or block pro-
gesterone-induced oocyte maturation. Additional evidence indi-
cates that the nuclear receptor may associate with cytoplasmic
factors (e.g. p42 MAPK) contributing to non-genomic signaling
[25]. Using newer algorithms, we report here that both PRA and
PRB contain at least 1 pore-lining TM helix localized to the steroid
binding region, suggesting that membrane PRB may also be an-
chored by a single transmembrane helix and serves as a specialized
channel.
Our analysis indicates that, except for PGRMC1/2, the progestin
binding proteins contain pore-lining regions within speciﬁc trans-
membrane helices that may function as ion channels. All but
PMRMC1/2 and the classical cytosol (nuclear) receptor (PR) contain
both caveolin binding motifs and the highly conserved leucine-rich
repeats (LRR) common to plant steroid receptors (reviewed in
[11]). Plants produce numerous steroids and sterols (now found
to act as hormones in animals [26]), but lack close homologues
of animal nuclear steroid receptors (Arabidopsis Genome Initia-
tive). In plant cells, polyhydroxylated steroids bind to leucine-rich
sequences in membrane receptors and elicit responses even in the
presence of inhibitors of transcription or protein synthesis (cit.
[11]), similar to the progesterone/polar steroid induction of the
meiotic division in vertebrate oocytes [27]. This suggests that plant
and animal cells may have retained a common steroid hormone-
membrane receptor response system during evolution. The protein
structure–function studies outlined here indicate that many pro-
gestin binding proteins are concentrated in caveolin-rich plasma
membrane lipid rafts and function both as ion channels and as
receptors for polyhydroxylated (ouabain-like) steroids.2. Experimental
2.1. Protein sequence sources
The amino acid sequences of the a1-subunit of Na/K-ATPase
and putative progestin binding proteins were downloaded from
the ExPASy Proteonomic Server of the Swiss Institute of Bioinfo-
matics (http://www.expasy.org; http://www.uniprot.org). About
98% of the protein sequences provided by UniProtKB are derivedfrom the translation of coding sequences (CDS) which were sub-
mitted to the public nucleic acid databases, the EMBL-Bank/Gen-
bank/DDBJ databases (INSDC). Data shown are for humans with
the exception of membrane receptor alpha for the Atlantic croaker.
Amino acid sequences were compared using the Pairwise Sequence
Alignment software (LALIGN) at http://www.ebi.ac.uk/Tools/ser-
vices/weblalign/ to ﬁnd internal duplications by calculating non-
intersecting local alignments [28]. The Emboss Water protocol
(version 36.3.5e Nov, 2012; preload8) used here employs the
Smith–Waterman algorithm (modiﬁed enhancements) to calculate
the local alignment of two sequences.
2.2. Secondary structure predictions
Secondary structures were predicted by PSIPRED v.3.0; http://
bioinf.cs.uci.ac.uk/psipred/ [29] and PredictProtein; http://predict-
protein.org [30]. The PSIPRED secondary structure prediction
method is based on position-speciﬁc scoring matrices. PredictPro-
tein provides multiple sequence alignments and predictions of sec-
ondary structure, residue solvent accessibility and the location of
TM helices (http://rostlab.org/owiki/index.php/PredictProtein).
2.3. Transmembrane (TM) helix and pore-lining region predictions
TM helices were predicted using: (1) the TOPCONS algorithm
[31]; (http://topcons.cbr.su.se), (2) Phobius: (predicts TM topology
and signal peptides), (http://phobius.cgb.ki.se and http://phobi-
us.btnf.ku.dk/) European Biomathematics Institute [32], (3) Pre-
dictProtein [30]; (http://ebi.ac.uk/~rost/predictprotein), (4) the
MEMSAT-SVM server [29], (5) SPOCTOPUS [33], a combined pre-
dictor of signal peptides and membrane topology (http://octo-
pus.cbr.su.se/) and (6) TMHMM [34], based on a hidden Markov
model available at: http://www.cbs.dtu.dk/services/TMHMM/.
Pore-lining regions in transmembrane protein sequences were pre-
dicted using the method of Nugent and Jones [35]. The helical
wheel applet on the University of Virginia web site was used:
(http://cti.itc.virginia.edu/).
2.4. Caveolin-binding motifs
Using a GST-fusion protein containing the caveolin scaffolding
domain as a receptor to select peptide ligands from a bacterio-
phage display library, Couet et al. [9] identiﬁed at least two related
but distinct caveolin binding motifs, UxxxxUxxU and UxUxxxxU
(where U represents an aromatic amino acid, W, Y, or F), in most
proteins that had been shown to interact with caveolin.3. Results and discussion
3.1. Comparison of putative progestin-binding plasma membrane
receptor proteins
Table 1 compares structural properties of representatives of ﬁve
groups of putative progestin-binding membrane proteins: (1) the
a1-subunit of human Na+/K+-ATPase (P05023), (2) the human Adi-
poQ receptor family members PAQR5 (Q9NXK6), PAQR6 (Q6TCH4),
PAQR7 (Q86WK9) and PAQR8 (Q8TEZ7), (3) membrane progestin
receptor alpha (mPRa) from Atlantic croaker (A7XS19), (4) human
membrane-associated progesterone receptor (MAPR) identiﬁed as
Component-1 (O00264) and Component-2 (O15173), plus (5) the
classic human nuclear progesterone receptor PR-B (P06401). The
nomenclature of putative membrane-associated progestin-binding
proteins is often confusing. For example, there are 11 members of
the PAQR family and 3 PAQR proteins (5, 7, and 8) have been de-
ﬁned as progestin receptors c, a and b, respectively. MAPR-1 is also
Table 1
Summary and comparison of putative-progestin-binding membrane proteins.










Na+/K+-ATPase-a1 subunit (ATP1A1) Homo sapiens P05023 1021 Ouabaina
Progesterone
10 4
Membrane progestin receptor gamma (PAQR5) Homo sapiens Q9NXK6 330 Progesterone 8 2
Membrane progestin receptor alpha (PAQR7) Homo sapiens Q86WK9 346 Progesterone 8 2
Membrane progesterone receptor beta (PAQR8) Homo sapiens Q8TEZ7 354 Progesterone 8 4
Membrane progestin receptor alpha (mPRa), Micropogonias undulatus Atlantic
croaker
A7XS19 352 20b-Sb 8 2
Membrane progestin receptor epsilon (PAQR6) Homo sapiens Q6TCH4 344 Progesterone 8 3
MAPR-1, aka 25-DX (PGRMC1) Cyt B5 heme-binding domain Homo sapiens O00264 195 Progesterone 1 0
MAPR-2, aka DG6 (PGRMC2) Cyt B5 heme-binding domain Homo sapiens O15173 223 Progesterone 1 0
Progesterone receptor, nuclear (PR-B) Homo sapiens P06401 933 Progesterone 1 0
a 1b,3b,5b,11a,14,19-Hexahydroxycard-20(22)-enolide 3-(6-deoxy-a-1)-mannopyranoside.
b 17,20b-Dihydroxy-4-pregnen-3-one.
G.A. Morrill et al. / Steroids 78 (2013) 1233–1244 1235referred to as 25-DX; MAPR-2 is identiﬁed as DG6. Table 1 includes
(line 6) a member of the PAQR superfamily (PAQR6, Q6TCH4) re-
cently reported to bind plasma membrane preparations from
MDA-MB-231 breast cancer cells [36]. Thus, PAQR6, in addition
to PAQR5, PAQR7 and PAQR8, may be involved in a progestin-re-
sponse system.
Table 1 indicates that the Na+/K+-ATPase a1-subunit is 3- to 5-
times the size of the other putative receptors, except for PRB, and
contains 10 TM helices and 4 caveolin binding (CB) motifs. In con-
trast, the 330 amino acid AdipoQ receptor (PAQR5), the 344 amino
acid PAQR6, the 346 amino acid PAQR7, the 354 amino acid PAQR8,
and the 352 amino acid Atlantic croaker mPRa each contain 8 TM
helices and 2–4 CB motifs. MAPR-1 (195 amino acids), MAPR-2
(223 amino acids) and nuclear receptor PRB (933 amino acids) con-
tain one or two TM helices and lack CB motifs. The presence of CB
motifs in all but MAPR-1/2 and PRB suggests that most progestin-
binding proteins are associated with lipid rafts in the plasma mem-
brane for at least part of their life-cycle. Since MAPR-1 and MAPR-2
contain cytochrome b5 heme-binding domains within sequences
72–171 and 102–201, respectively, both may be associated with
mitochondrial membranes and involved in cellular energy produc-
tion and programmed cell death [7].
3.2. Analysis of TM helical array patterns and pore-lining regions in
putative progestin binding proteins
A transmembrane (TM) helix is a membrane-spanning
17.3 ± 3.1 (SD, N = 160) amino acid sequence (reviewed in [37])
with a hydrogen-bonded helical conﬁguration, including a-, 310-
and p-helices. The a-helix is very common, while the 310 helix is
found at the ends of the a-helix and p-helices are rare. In addition
to TM helices, membrane proteins may contain a cavity (or pore)
which spans the membrane with an opening on each side of the
plasma membrane. The ‘‘pore’’ may run parallel to, or within, a
transmembrane helix (reviewed in [35]). Nugent and Jones [35]
have developed a computational method capable of identifying
pore-lining regions in membrane proteins from sequence informa-
tion alone, which can then be used to determine pore
stoichiometry.
3.3. Topology of the Na/K-ATPase a1-subunit
Fig. 1 compares the TM helix topology of the a1-subunit of hu-
man Na/K-ATPase (P05023) by two methods, one based on the hid-
den Markov model (TMHMM) [34] and a second using machine
learning-based algorithms [38] based on the support vector ma-
chine (MEMSAT-SVM). The TMHMM predicted helix topology isshown as red bars in the upper plot whereas the lower MEM-
PACK-SVM projection indicates both the location of individual heli-
ces (black and blue) as well as predicted pore-lining regions (blue).
The MEMSAT-SVM (lower) projection also indicates the amino
acids (orange sequences) that represent extracellular loops. When
used on the a1-subunit of Na+/K+-ATPase, the TMHMM method is
in good agreement with the MEMSAT-SVM prediction. The a1-sub-
unit (ATP1A1) contains 2 pairs of TM helices localized to the N-ter-
minal region with the remaining 6 TM helices closely grouped in
the C-terminal region. As indicated in the lower trace, of the 10
TM helices, 5 are predicted to be pore-lining regions (TM 2, 4, 5,
6 and 8) and may represent ion channels.
3.4. Topology of the PAQR and mPR alpha proteins identiﬁed as
putative progestin receptors
Fig. 2 compares the predicted TM helix topology and the pore-
lining regions in the putative progestin-binding protein alpha,
PAQR7 (Q86WK9) in Homo sapiens, with mPRa (A7XS19) in the
Atlantic croaker. Atlantic croaker mPRa has been previously re-
ported to contain 7 TM domains characteristic of G-protein-cou-
pled receptors [19]. Analysis of TM helices in PAQR7 (upper) and
mPRa (lower) using TMHMM predicts that each contains 6–8 TM
helices, whereas the method of Nugent and Jones. [38], using ma-
chine learning-based algorithms (MEMPACK-SVM), indicates that
both contain 8 TM helices (B, Fig. 2). As shown, the hidden Markov
model has problems in predicting helices 5 and 7 in mPRa from
both ﬁsh and humans. MEMPACK-SVM further indicates that TM-
3 is a pore-lining channel in both proteins. When the positions of
the TM helices in PAQR7 were compared using 4 current algo-
rithms, i.e., Phobius, TOPCONS, MEMSAT-SVM and PredictProtein,
with those of 7 TM helices as reported in a protein data base (Ta-
ble 2), the ﬁndings indicated that PAQR7 contains an additional
TM helix in the 204–229 amino acid region C-terminal to TM-4.
Similarly, TM-7 helix in the Atlantic croaker appears to be missing
in the protein data base (Fig. 2B).
Fig. 3 further compares the TM helix topology in membrane
receptor c (PAQR5, top) and membrane receptor b (PAQR8). The
hidden Markov model (TMHMM, upper projections) predicts 6
TM helices with 2 possible additional helices for both PAQR5 and
PAQR8. However, the method of Nugent and Jones [38] conﬁrms
8 TM helices in both PAQR5 and PAQR8 (lower projections). Thus
the Atlantic croaker mPRa, PAQR5, PAQR6, PAQR7 and PAQR8 all
contain 8 TM helices, and differ from classical G-proteins charac-
terized by 7 TM helices. Fig. 4 illustrates the presence of 7 TM heli-
cal arrays in PAQR1, PAQR2 and PAQR3, indicating that PAQR
family members consist of at least two separate protein groups.
Fig. 1. A comparison of the topology of the a1-subunit of Na+/K+-ATPase (ATP1A1_HUMAN, P05023) using the hidden Markov model (A, upper) and the support vector
machine (B, lower). Transmembrane helices are indicated in red (A, upper) and as brown and blue squares (B, lower). Blue squares indicate predicted pore-lining regions.
Extracellular loops are in yellow (B, lower). The amino acid sequences are those published in the Swiss Protein Knowledgebase (www.uniprot.org). See Section 2 for details.
(For interpretation of reference to color in this ﬁgure legend, the reader is referred to the web version of this article.)
1236 G.A. Morrill et al. / Steroids 78 (2013) 1233–1244PAQR1 and PAQR2 represent adiponectin receptor proteins 1 and 2,
respectively. PAQR3 functions as a special regulator of RAF1 kinase
by sequestering it to the Golgi (UniprotKB). As can be seen, unlike
PAQR5/6/7/8, all three exhibit 7 uniformly spaced TM helices in the
C-terminal region of the PAQR proteins. Similar analyses indicate 7
TM helices are present in PAQR9, PAQR10 and PAQR11 (data not
shown).
3.5. Topology of MAPR-1 and MAPR-2
As shown in Fig. 5, MAPR-1 (aka PGMRC1), as well as the closely
related MAPR-2 (PGMRC2), contain a single TM domain localized
to the N-terminal region of the peptide. MAPR-1 and 2 were ﬁrst
isolated from porcine livers and their cDNA was subsequently
cloned from a variety of tissues (reviewed in [19]). The signal
transduction pathways induced by progesterone binding to
MAPR-1 (aka PGMRC1) have not been described, although motifs
for tyrosine kinase binding have been predicted from the amino
acid sequence (cit. [19]). As noted above, the presence of cyto-chrome b5 heme-binding domains within sequences 72–171 and
102–201, respectively (cit. UniprotKB) suggest that MAPR-1 and
MAPR-2 may be associated with mitochondrial involvement in cel-
lular energy production [7]. Since enzyme–substrate complexes
form during progesterone metabolism, a membrane-bound pro-
gesterone metabolizing enzyme might be confused as a proges-
tin-binding membrane protein. The lower trace in Fig. 5
illustrates the TMHMM plot of 3-keto steroid reductase (P56937).
3-keto steroid reductase has a sequence length (341 AA), TM-helix
(1) and CB motif (1) comparable to both MAPR-1 and MAPR-2 and
might be misinterpreted as a putative progestin receptor.
3.6. Topology of progesterone nuclear receptor isoform B (PRB) H.
sapiens
We ﬁnd, as indicated in Table 1, that the nuclear progesterone
receptor (PR, also known as nuclear receptor subfamily 3, group
C, member 3) also contains at least one TM helix in the C-terminal
region. TM helices in human PRB (P06401) were localized to se-
Fig. 2. A comparison of the topology of TM helices and pore-lining regions of Homo sapiens progestin-receptor PAQR7 (Q86WK9), upper A and B plots, with the progestin-
receptor mPRa of the Atlantic croaker (A7XS19) (lower A and B plots). Plots were obtained as described in Fig. 1. Transmembrane helices are indicated in red (A), and as
brown and blue squares (B). Blue squares indicate predicted pore-lining regions. Extracellular loops are indicated in yellow. (For interpretation of reference to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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and 813–828 by MEMPACK-SVM. TMHMM did not detect a TM he-lix. The ﬁrst 3 algorithms predicted that the N-terminal region was
intracellular, whereas the C-terminal region was extracellular.
Table 2
Comparison of transmembrane helix topology of PAQR7 in the protein data base with
those predicted by current algorithms.
Predicted transmembrane helices in Q86WK9
UniprotKB Phobius TOPCONS MEMSAT-SVM PredictProtein
73–93 73–93 73–93 76–93 75–92
104–124 105–127 104–124 105–126 106–123
138–158 139–160 141–161 138–163 135–152
170–190 172–191 170–190 171–194 173–190
– 211–227 207–227 204–229 208–225
238–258 239–256 237–257 237–259 239–256
277–297 277–295 277–297 274–296 273–290
317–337 315–337 314–324 313–336 315–332
1238 G.A. Morrill et al. / Steroids 78 (2013) 1233–1244These ﬁndings suggest that human PRB may traverse the plasma
membrane with the bulk of the peptide being intracellular.
Fig. 6 compares the MEMPACK-SVM TM helix topology of the
classical progesterone cytosol receptor PRB (A, upper) with the
amino acid sequences associated with speciﬁc regions of PRB (B,
middle). The speciﬁc regions (cit. UniprotKB) are deﬁned as: (1)
the proline-rich modulating region (1–566), (2) nuclear localiza-
tion signal (183–187), (3) DNA binding region (567–639), and (4)
the steroid-binding region (681–933). Fig. 6, C (lower) illustrates
a helical wheel projection of the predicted TM helix. MEMPACK-
SVM predicts a 16 amino acid TM helix (813–828) within the ste-
roid-binding region (681–933). The MEMSAT-SVM plot also indi-
cates that the helix is a pore-lining region, and that the bulk of
the receptor protein (812 amino acids) is cytoplasmic, with only
104 amino acids being extracellular. We previously found both
110 and 80 kDa progesterone binding components in the denuded
(free of follicle cells) prophase-arrested R. pipiens oocyte [39], sim-
ilar to those reported in chick and humans. The plasma membrane
form was present as a single 110 kDa species and accounted for at
least 50% of the total 110 kDa species. No 80 kDa form was found
associated with the plasma membrane. This suggests that the
110 kDa form may function in both membrane and cytosol. Since
the PRB TM helix in the steroid-binding region contains a trans-
membrane channel, the PRB associated with the plasmamembrane
may represent sites of progesterone entry into the cell.
3.7. Leucine-rich regions in putative progestin binding plasma
membrane proteins
LRR (leucine-rich repeat) regions have been identiﬁed in
viruses, bacteria, archaea and eukaryotes (reviewed in [40]). LRR
motifs are involved in protein–ligand and in protein–protein inter-
actions and each motif can be divided into a highly conserved seg-
ment (HCS) and a variable segment (VS). The HCS consists of an 11
residue sequence, LxxLxLxxNxL, or a 12 residue sequence,
LxxLxLxxCxxL, in which ‘‘L’’ is Leu, Ile, Val or Phe, ‘‘N’’ is Asn, Thr,
Ser or Cys, and ‘‘C’’ is Cys, Ser or Asn.
Table 3 summarizes the highly conserved LRR segments found
in the putative progestin-binding proteins. As shown in column
2, all 3 progestin-binding PAQR proteins (5, 7 and 8) exhibit a
highly conserved LRR in the C-terminal region. In contrast, PAQR
proteins not associated with steroid binding (PAQR 3 and 4) do
not contain LRR segments (data not shown). The presence of LRRs
is further evidence that PAQR 5, 7, and 8 deﬁne a family of recep-
tors distinct from traditional G-protein coupled receptors (GPCR’s).
Similarly, both human and ﬁsh mPRa contain LRRs in the C-termi-
nal region, whereas MAPR-1 (PGRMC1) contains a LRR in the N-ter-
minal region. The catalytic a1-subunit of Na+/K+-ATPase exhibits
an LRR in the 306–317 region overlapping TM-3 whereas the cor-
responding b1-subunit of the Na+/K+-ATPase contains LRRs at
opposite ends of the peptide chain (Table 3). No LRRs were present
in the PRB nuclear receptor (P06401).Table 3 further demonstrates that the variable segment (col-
umn 4) of the LRRs is within and/or overlaps a TM domain in all
5 progestin-binding proteins (PAQR5, PAQR7, PAQR8, mPRa,
PGRMC1). In the a1-subunit of Na+/K+-ATPase, the LRR overlaps
TM-3 and the external loop between TM-3 and TM-4. It should
be noted that TM-3 corresponds to the pore-lining region predicted
to be an ion channel (Fig. 1). In the case of the b1-subunit, one of
the two highly conserved segments (46–56) of the LRR overlaps
the C-terminal TM helix. In all cases examined, the highly con-
served and variable segments of the leucine-rich repeats are clo-
sely associated with the TM helix of putative progestin-binding
proteins.
3.8. Sequence comparisons of putative progesterone-binding
membrane proteins
Pairwise Sequence Alignment (LALIGN) protocols have been
used to identify regions of similarity that may indicate functional,
structural and/or evolutionary relationships between two biologi-
cal protein sequences (see Section 2). Local alignment tools ﬁnd
one or more alignments describing the most similar region(s) with-
in the sequences to be aligned. Table 4 compares the amino acid
sequence alignment of human mPRa (PAQR7) with related pro-
teins mPRb (PAQR8), mPRc (PAQR5) and Atlantic croaker protein
mPRa. In addition, human mPRa (PAQR7) sequence alignment is
compared with adiponectin receptor protein 1 (PAQR1) and the
a-subunit of Na+/K+-ATPase (ATP1A1).
As can be seen in Table 4, a PAQR7: PAQR8 sequence compari-
son indicates a 351 amino acid overlap with 48% identity and 73%
sequence similarity and a Waterman–Eggert score of 1094. PAQR5
has less homology with PAQR7 with 31% identity and 61% similar-
ity and a Waterman–Eggert score of 484. A comparison of PAQR7
(mPRa) vs. the corresponding Atlantic croaker peptide mPRa
(A7XS19) yields a 347 amino acid overlap with 54% identity and
77% similarity and a Waterman–Eggert score of 1241, indicating
that the mPRa human vs. ﬁsh progestin-binding proteins have
the highest homology among the progestin binding proteins.
PAQR7 was also compared with PAQR1 (adiponectin receptor)
and the catalytic a-subunit of Na+/K+-ATPase. PAQR7 and PAQR1
have a 260 amino acid overlap with a 25% identity and are 60%
similar. The Waterman–Eggert score was 275. A PAQR7:Na+/K+-
ATPase a1-subunit comparison indicated at least two similar re-
gions consisting of 41 and 59 amino acid sequences, overlapping
the TM-3 and TM-6 of the a1-subunit with identities’ in the 29–
34% range.
Table 5 compares the amino acid sequence alignments of
MAPR-1, MAPR-2 and the classical cytosol receptor (PRB). As seen,
MAPR-1 and MAPR-2 have a signiﬁcant homology (59% identity,
82% similar). A comparison of MAPR-1 with PRB indicates that
the MAPR-1 amino acid sequence 119–149 has a 31% identity with
a 36 amino acid sequence (881–916) of PRB. In comparison, a 28
amino acid sequence (175–202) within MAPR-2 has a 35% identity
with sequence (827–854) of PRB. For both MAPR-1 and MAPR-2,
the sequence homology was in the steroid binding region of PRB
(Fig. 6).
3.9. Comparison of plant and animal P-type ATPase
Table 6 compares the topology of key plasma membrane ion
regulatory ATPase in plant and animal cells. Plants utilize a P-type
H+-ATPase instead of Na+/K+-ATPase to energize the plasma mem-
brane with an electrochemical gradient (reviewed in [41]). Compu-
tational analysis using the TOPCONS, MEMPACK-SVM and Phobius
servers (see Section 2) indicates that the proton pump of Vicia faba
(broad bean, Accession #Q43131) exhibits a 10 TM helical array
(Table 6) with nearly identical TM helix positions as seen for hu-
Fig. 3. A comparison of the topology of TM helices and pore-lining regions of progestin-receptor PAQR5 (Q9NXK6) (upper) and progestin-receptor PAQR8 (Q8TEZ7) (lower)
plots. Plots were obtained as described in Fig. 1. Transmembrane helices are indicated in red (A), or as brown and blue squares (B). Blue squares indicate predicted pore-lining
regions. Extracellular loops are indicated in yellow. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 4. A comparison of the hidden Markov model (TMHMM) topology of: upper, adiponectin receptor protein 1 (PAQR1_HUMAN, Q96A54); middle, adiponectin receptor
protein 2 (PAQR2_HUMAN, Q86V24); and lower, Progestin/AdipoQ receptor family member 3 (PAQR3_HUMAN, Q6TCH7). Plots were obtained as described in Fig. 1.
1240 G.A. Morrill et al. / Steroids 78 (2013) 1233–1244man ATP1A1 shown in Fig. 1 (data not shown). As indicated in Ta-
ble 6, both P-type enzymes contain 10 TM helices as well as CB mo-
tifs in both N-terminal and C-terminal regions. Each P-type
enzyme exhibits an LRR domain near TM-4 (304–315 and 338–
348). The plant P-type enzyme contains an additional LRR domain
in the N-terminal region (61–71). Pairwise Sequence Alignment of
Na+/K+-ATPase from animals and H+-ATPase from plants (see Ta-
ble 4, bottom line) indicates a 787 amino acid overlap with 24%
identity and 56% similarity with a Waterman:Eggert score of 645.
Thus the H+-pump in plants and Na+/K+-ATPase in animals appear
to have evolved from a common ancestor. It should be noted, how-
ever, that proteins related functionally with little or no sequence
homology may indicate convergent evolution. It is possible thattwo or more proteins can evolve a high afﬁnity for progestins
through convergent evolution.
4. Conclusions
Elements of a ligand-gated membrane steroid response system
appear in both plant and animal cell plasma membranes. Five of
the 8 putative progestin binding proteins considered here contain
both caveolin binding (CB) motifs and leucine-rich repeats (LRR).
All but two (MAPR-1 and 2) contain at least one pore-lined TM he-
lix. A single class of plasma membrane motifs or repeat domains
can interact with a wide array of chemically distinct ligands, yet
each particular repeat shows high speciﬁcity for speciﬁc ligands
Fig. 5. A comparison of the hidden Markov model topology of: upper, membrane-associated progesterone receptor component-1 (MAPR-1, HUMAN, O00264); middle,
membrane-associated progesterone receptor component-2 (MAPR-2, HUMAN, O15173); and lower, 3-keto-steroid reductase (17-beta-HSD 7_HUMAN, P56937). Plots were
obtained as described in Fig. 1.
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within a repeat provide a stable scaffold to the domain, whereas
non-consensus residues within the repeat allow variability of func-tion. Since LRRs [43] and CB motifs [44] facilitate ligand–protein
interaction, one would predict that steroid initiates formation of
regulatory complexes of progestin-binding receptors, caveolin-1
Fig. 6. A comparison of the topology of TM helices and pore-lining regions of the classical nuclear progesterone receptor PRB (PGR_HUMAN, P06401). A (upper): plots were
obtained using the support vector machine topology [38]. The transmembrane helix is indicated as blue squares, which also indicate a predicted pore-lining region. The
extracellular sequence is indicated in yellow. B (middle): Summary of the principal regions within the progesterone receptor PRB. C (lower): helical wheel projection of the
amino acid sequence associated with the predicted transmembrane helix (A, upper). The sequence of amino acids that make up a helical region of the protein secondary
structure are plotted in a rotating manner where the angle of rotation between consecutive amino acids is 100, so that the ﬁnal representation looks down the helical axis.
Nonpolar amino acids are orange, polar, uncharged residues are green, acidic residues are pink and basic residues are blue. See Section 2 for source of helical wheel Applet.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Table 3
Correlation between the positions of leucine-rich repeats and transmembrane helices in ‘‘putative’’ progestin-binding proteins.
Progestin binding protein LRR highly conserved segment Position of associated TM helix Variable segment (VS) of the LRR domaina
PAQR5 Human mPRa
(Q9NXK6)


























34–54 (TM-1) LRR-1 VS Overlaps TM Helix
LRR-2 VS is Extracellular
a VS estimated to be a 9–18 amino acid sequence [38].
Table 4
Comparison of pairwise sequence alignment of putative progestin binding proteins.
Sequences compared Amino acid overlap % Identity % Similar Waterman:Eggert score
PAQR7:PAQR8 Homo sapiens 351 AA (2–344:4–352) 48.4 73.2 1094
PAQR7:PAQR5 Homo sapiens 328 AA (22–338:1–319) 30.8 60.7 484
PAQR7:mPRa (A7XS19) Homo sapiens:Atlantic croaker 347 AA (2–344:4–350) 53.9 76.9 1241
PAQR7:PAQR1 (ADIPOR1) Homo sapiens 260 AA (46–300:109–362) 25.0 60.4 275








H+-ATPase:ATP1A1 Vicia faba:Homo sapiens 787 AA (5–687:31–815) 24.3 56.3 645
Table 5
Comparison of pairwise sequence alignment of nuclear PRG and MAPR-1/2 (PGRMC1/2).
Sequences compared Amino acid overlap % Identity % Similar Waterman:Eggert score
MAPR-1:MAPR-2 165 AA (56–220:30–190) 59.4 82.4 658
Nuclear PR:MAPR-1 36 AA (119–149:881–916) 30.6 63.9 41
Nuclear PR:MAPR-2 29 AA (175–202:827–854) 34.5 75.9 49
Table 6
Comparison of P-type plasma membrane ATPases in plant and animal cells.
Protein name Sequence length Transmembrane helicesa Caveolin-binding motifs Leucine-rich repeats












a Based on TOPCONS, MEMSAT-SVM and Phobius servers (see Section 2).
G.A. Morrill et al. / Steroids 78 (2013) 1233–1244 1243and LRRs within the caveolar (lipid raft) regions of the plasma
membrane, which could be key elements of the steroid response
system. Numerous eukaryotic proteins contain multiple domains,
and, as noted by Basu et al. [45], have a repertoire of eukaryotic
protein domains (LRR, CB motifs, pore-lined TM helices, etc.) that
contribute to the diversity of eukaryotic proteomes and signaling
networks.
MAPR-2 and the nuclear receptor PRB are unique among the
putative-progestin receptors, in that they lack both CB motifs
and LRR repeat domains. As shown here (Fig. 6), newer algorithms
for analysis of protein topology indicate that PRB contains at least 1
TM helix within the steroid binding region of the receptor and sug-
gest that PRB exists both anchored to the plasma membrane and
free in the cytosol. Attachment of PRB via a single TM helix within
the steroid-binding region would explain our earlier report of plas-
ma membrane associated PRB in Rana oocytes [24] and the ﬁndingby Martinez et al. [16] that the cytosolic progesterone receptor
(PRB) associates to the Xenopus oocyte plasma membrane.
Although PRA (PRB truncated in the N-terminal region) also con-
tains the TM helix, PRA does not appear to be associated with
the oocyte plasma membrane. This suggests that the 164 N-termi-
nal amino acids may also play a role in membrane binding. Simi-
larly, Boonyaratanakornkit et al. [46] found that progestin
activation of the Src/MAPK signaling pathways occurs outside the
nucleus only with PRB and not with PRA. Based on sequence com-
parison, MAPR-1 and 2 appear to represent short peptide se-
quences common to the steroid binding region in PRB (see
Fig. 6). Thus, PRB, MAPR-1 and MAPR-2 may have evolved from a
common ancestor and have been retained in both plant and animal
cells.
In contrast with the multiple pore-lining regions in the a1-sub-
unit (Fig. 1), Figs. 2 and 3 demonstrate that only one 1 of the 8 TM
1244 G.A. Morrill et al. / Steroids 78 (2013) 1233–1244helices (TM-3) in PAQR5/7/8 (or mPRa) is predicted to contain a
pore-lining region. Similarly, at least one predicted TM helix of
cytosolic PRB is a pore-lining structure (Fig. 6). These pores may
be associated with ion channels thought to be essential in main-
taining cross-membrane electrochemical gradients for functions
as diverse as oxidative phosphorylation and signal transduction
(cit. [46]). Patch-clamp studies by Artigas and Gadsby [47], ﬂuores-
cent ouabain binding studies by Sandtner et al. [48], and earlier
mutagenesis studies by Lingrel and colleagues [49] are in good
agreement with the computational analysis shown here and pre-
dict that pore-lined TM helices 2, 4, 5 and 6 of the Na+/K+-ATPase
a1-subunit are associated with the brassinosteroid binding sites
that regulate ion channels. Since all but the MAPR proteins contain
pore-lined TM helical regions, a primary action of progestin (or
ouabain-like steroids) may be to regulate movement of speciﬁc
ions (e.g. Ca2+, Na+, H+, and Cl) essential for cell function. Multiple
progestin receptors may be required to regulate response systems
involving different ions.Acknowledgments
This research was supported in part by National Institutes of
Health Research Grants HD-10463 and GM-071324. The authors
thank Dr. Amir Askari for valuable input during early phases of
the study.References
[1] Losel RM, Falkenstein E, Feuring M, Schultz A, Tillman H-C, Rossol-Haseroth K,
et al. Nongenomic steroid action: controversies, questions, and answers.
Physiology 2003;Rev. 83:965–1016.
[2] Watson CS, Gametchu B. Proteins of multiple classes may participate in non-
genomic steroid actions. Exp Biol Med (Maywood) 2003;228:1272–81.
[3] Simoncini T, Genazzani AR. Non-genomic actions of sex steroid hormones. Eur
J Endrocrin 2003;146:281–92.
[4] Boonyaratanakornkit V, Edwards DP. Receptor mechanisms mediating non-
genomic actions of sex steroids. Semin Reprod Med 2007;25:139–53.
[5] Hammes SR, Levin ER. Minireview: recent advances in extranuclear steroid
receptor actions. Endocrinology 2011;152:4489–95.
[6] Moussatche P, Lyons TJ. Non-genomic signaling and its non-canonical receptor.
Biochem Soc Trans 2012;40:200–4.
[7] Gavrilova-Jordan LP, Price TM. Actions of steroids in mitochondria. Semin
Reprod Med 2007;25:154–64.
[8] Absalom NL, Lewis TM, Schoﬁeld PR. Mechanisms of channel gating of the
ligand-gated ion channel superfamily inferred from protein structure. Exp
Physiol 2004;89:145–53.
[9] Couet J, Sargiacomo M, Lisanti MP. Interaction of a receptor tyrosine kinase,
EGF-R, with caveolins. J Biol Chem 1997;272:30429–38.
[10] Bishop GJ, Koncz C. Brassinosteroids and plant hormone signaling. Plant Cell
2002;14:S97–S110.
[11] Dolan J, Walshe K, Alsbury S, Hokamp K, O’Keeffe S, Okafuji T, et al. The
extracellular leucine-rich repeat superfamily; a comparative survey and
analysis of evolutionary relationships and expression patterns. BMC
Genomics 2007;8:320–44.
[12] Morrill GA, Kostellow AB, Askari A. Progesterone binding to the alpha 1-
subunit of the Na/K-ATPase on the cell surface: insights from computational
modeling. Steroids 2007;73:27–40.
[13] Tang YT, Hu T, Arterburn M, Boyle B, Bright JM, Emtage PC, et al. PAQR
proteins: a novel membrane receptor family deﬁned by an ancient 7-transpass
motif. J Mol Evol 2005;61:372–80.
[14] Xie M, Zhu X, Liu Z, Shrubsole M, Varma V, Mayer IA, et al. Membrane
progesterone receptor alpha as a potential prognostic biomarker for breast
cancer survival: a retrospective study. PLoS One 2012;7:e35198.
[15] Rohe HJ, Ahmed IS, Twist KE, Craven RJ. PGRMC1 (progesterone receptor
membrane component 1): a targetable protein with multiple functions in
steroid signaling, P450 activation and drug binding. Pharmacol Ther
2009;121:14–9.
[16] Martinez S, Pasten P, Suarez K, Garcia A, Nualart F, Montecino M, et al. Classical
Xenopus laevis progesterone receptor associates to the plasma membrane
through its ligand-binding domain. J Cell Physiol 2007;211:560–7.
[17] Lingrel JB. The physiological signiﬁcance of the cardiotonic steroid/ouabain-
binding site of the Na,K-ATPase. Annu Rev Physiol 2010;2:395–412.
[18] Xie Z, Askari A. Na(+)/K(+)-ATPase as a signal transducer. Eur J Biochem
2002;269:2434–9.[19] Zhu Y, Rice CD, Pang Y, Pace M, Thomas P. Cloning, expression, and
characterization of a membrane progestin receptor and evidence that it is an
intermediary in meiotic maturation in ﬁsh oocytes. PNAS USA
2003;100:2231–6.
[20] Thomas P. Characteristics of membrane progestin receptor alpha (mPRalpha)
and progestin membrane receptor component 1 (PGMRC1) and their roles in
mediating rapid progestin actions. Front Neuroendocrinol 2008;29:292–312.
[21] Kimura I, Nakayama Y, Konishi M, Terasawa K, Ohta M, Itoh N, et al. Functions
of MAPR (membrane-associated progesterone receptor) family members as
heme/steroid-binding proteins. Curr Protein Peptide Sci 2012;13:687–96.
[22] Pedram A, Razandi M, Deschenes RJ, Levin ER. DHHC-7 and -21 are
palmitoylacyltransferases for sex steroid receptors. Mol Biol Cell
2011;23:188–99.
[23] Scarpin KM, Graham JD, Mote PA, Clarke CL. Progesterone action in human
tissues: regulation by progesterone receptor (PR) isoform expression, nuclear
positioning and co-regulation expression. Nucl Recept Signaling 2009;7:1–13.
[24] Morrill GA, Ma GY, Kostellow A. Progesterone binding to plasma membrane
and cytosol receptors in the amphibian oocyte. Biochem Biophys Res Commun
1997;232:213–7.
[25] Bagowski CP, Myers JW, Ferrell Jr JE. The classical progesterone receptor
associates with p42 MAPK and is involved in phosphatidylinositol 3-kinase
signaling in Xenopus oocytes. J Biol Chem 2001;276:37708–14.
[26] Schoner W. Minireview: endogenous cardiac glycosides. Eur J Biochem
2002;269:2440–8.
[27] Kostellow AB, Morrill GA. Progesterone and subsequent polar metabolites are
essential for completion of the ﬁrst meiotic division in amphibian oocytes. Mol
Cell Endocrinol 2008;291:50–6.
[28] Huang X, Miller W. A time-efﬁcient, linear-space local similarity algorithm.
Adv Appl Math 1991;12:337–57.
[29] McGufﬁn LJ, Bryson K, Jones DT. The PSIPRED protein structure prediction
server. Bioinfomatics 2000;16:404–5.
[30] Rost B, Yachdav G, Liu J. The PredictProtein server. Nucleic Acids Res
2004;32:W321–6.
[31] Bernsel A, Viklund H, Hennerdal A, Elofsson A. TOPCONS: consensus prediction
of membrane protein topology. Nucleic Acids Res 2009;37:W465–8.
[32] Kall L, Krogh A, Sonnhammer ELL. A combined transmembrane topology and
signal peptide prediction method. J Mol Biol 2004;338:1027–36.
[33] Viklund H, Bernsel A, Skwark M, Elofsson A. SPOCTOPUS: a combined predictor
of signal peptides and membrane topology. Bioinfomatics 2008;24:2928.
[34] Krogh A, Larsson B, von Heijne G, Sonnhammer EL. Predicting transmembrane
protein topology with a hidden Markov model: application to complete
genomes. J Mol Biol 2001;305:567–80.
[35] Nugent T, Jones DT. Detecting pore-lining regions in transmembrane protein
sequences. Bioinfomatics 2012;13:169.
[36] Pang Y, Dong J, Thomas P. Characterization, neurosteroid binding and brain
distribution of human progesterone receptors d and epsilon (mPRd and
mPR{epsilon}) and mPRd involvement in neurosteroid inhibition of apoptosis.
Endocrinology 2013;154:283–95.
[37] Hilldebrand PW, Lorenzen S, Goede A, Preisser R. Analysis and prediction of
helix–helix interactions in membrane channels and transporters. Proteins
2006;64:253–62.
[38] Nugent T, Jones DT. Transmembrane protein topology prediction using
support vector machines. BMC Bioinfomatics 2009;10:159170.
[39] Kalimi M, Ziegler D, Morrill GA. Characterization of a progestin-binding
macromolecule in the amphibian cytosol. Biochem Biophys Res Commun
1979;86:560–7.
[40] Matsushima N, Tachi N, Kuroki Y, Enkhbayer P, Osaki M, Kamiya M, Kretsinger
RH. Structural analysis of leucine-rich repeat variants in proteins associated
with human diseases. Cell Mol Life Sci 2005;62:2771–91.
[41] Palmgren MG, Harper JF. Pumping with plant P-type ATPases. J Exp Bot
2011;50:883–93 [Special issue].
[42] Helft L, Reddy V, Chen X, Koller T, Federici L, Fernandez-Recio J, et al. LRR
conservation mapping to predict sites within leucine-rich domains. PLoS One
2011;6:1–14.
[43] Kobe B, Kajava AV. The leucine-rich repeat as a protein recognition motif. Curr
Opin Struct Biol 2001;6:725–32.
[44] Morrill GA, Kostellow AB, Askari A. Caveolin–Na/K-ATPase interactions: role of
transmembrane topology in non-genomic steroid signal transduction. Steroids
2012;77:1160–8.
[45] Basu MK, Carmel L, Rogozin IB, Koonin EV. Evolution of protein domain
promiscuity in eukaryotes. Genome Res 2013;18:449–61.
[46] Boonyaratanakornkit V, McGowan E, Sherman L, Mancini MA, Cheskis BJ,
Edwards DP. The role of extranuclear signaling actions of progesterone
receptor in mediating progesterone regulation of gene expression and the
cell cycle. Mole Endocrin 2007;21:35975.
[47] Artigas P, Gadsby DC. Ouabain afﬁnity determining residues lie close to the Na/
K pump ion pathway. PNAS USA 2006;103:12613–8.
[48] Sandtner W, Egwolf B, Khalili F, Sanchez-Rodriguez JE, Roux B, Bezanilla F,
et al. Ouabain binding site in a functioning Na+/K+ ATPase. J Biol Chem
2011;286:38177–83.
[49] Palasis M, Kuntzweiler TA, Arguello JM, Lingren JB. Ouabain interactions with
the H5–H6 hairpin of the Na, K-ATPase reveal a possible inhibition mechanism
via the cation binding domain. J Biol Chem 1996;271:14176–82.
